the hypothesis that the degree of seasonal mass variation in birds is probably an indication of life history adaptation: across tropical bird species it may therefore be possible to use mass gain during breeding as an index of adult survival.
Introduction
Both mass [as a measure of body reserves (e.g. rogers 1987; gosler 1996) ] during breeding and adult survival should reflect variation in food availability. Many tropical bird species vary their mass across the year [e.g. 12.6 % ± 1.0 (cox et al. 2011)] , showing a seasonal mass change that is comparable with both northern [e.g. 7-12 % (haftorn 1989) ] and southern temperate species [8-14 % (rozman et al. 2003) ]. In tropical [and possibly southern hemisphere (rozman et al. 2003) ] birds, however, body reserves peak in the breeding season, before decreasing and being maintained at low levels during the non-breeding season. This is because foraging probably remains predictable due to constant day lengths and warm temperatures (Fogden 1972; Fogden and Fogden 1979; cox et al. 2011) . Thus birds are able to reduce mass-dependent energy use (rogers and heath-coss 2003) and predation costs (Witter and cuthill 1993) when not breeding.
When species subsequently commence breeding activities the energy requirements of chicks are timed to coincide with predictable seasonal increases in food availability (Perrins 1970; Martin 1987) . The energetic expenditure for parents increases during the breeding season due to the energetic demands of chick rearing (e.g. hambly et al.
guarding, territoriality, nest building, incubation and parental care conflict with the time available for adults to maintain their own body condition (i.e. they interrupt their foraging). such interruptions generally lead to mass gain in birds because they reduce the time or the space available in which to feed. Thus, effectively reducing the availability of food so that birds need to add fat reserves to insure against the increased unpredictability of foraging, termed an 'interrupted foraging response ' (lima 1986; houston et al. 1993) . so despite an increase in food availability during the breeding season, foraging predictability may actually decrease, and so a bird may increase its reserves (and so mass) through an interrupted foraging response, independent of any mass increase from egg or gonad growth (cox and cresswell, in review).
The level of fat reserves gained, and so mass of an animal, during periods where the foraging intake rate might be unpredictable, such as during breeding, will depend on the absolute levels of food available, with higher levels of reserves being associated with poorer foraging environments (Macleod et al. 2008; cresswell et al. 2009 ). In animals that opportunistically exploit periods of food abundance during breeding, the decrease in the time available for foraging caused by breeding activities may be offset by the increase in food abundance, so there may be a reduced interrupted foraging response (Fig. 1) . Thus, an increase in the seasonality of food availability leads to a more predictable energy budget during breeding. In contrast, animals that breed in more constant environments will have higher food requirements as they raise young without an increase in the absolute level of food resources (ricklefs 1980; Martin 1987; Mcnamara et al. 2008) , so there may be a greater interrupted foraging response (Fig. 1) .
adult survival, as a key life history trait, is also a consequence of availability of food, mediated through competition (Bennett and Owens 2002) . If food availability remains reasonably constant for a species (at carrying capacity), there is always intense competition so reducing levels of parental investment available to any one offspring at any one time (ghalambor and Martin 2001), and selection, will favour those individuals that raise smaller broods (roff 2002; Mcnamara et al. 2008 ). selection will then act on those adults that prioritise their own long-term survival so that there can be many breeding events to compensate (Bennett and Owens 2002) . In contrast, in environments that vary in absolute levels of food abundance, such as strongly seasonal environments, food availability may temporarily far exceed carrying capacity so that parents can successfully raise larger broods. selection can then favour a strategy of producing as many offspring as possible but with a trade-off with adult survival, probably through reduced immunocompetence (norris and evans 2000) and increased susceptibility to fluctuations in environmental conditions (Bennett and Owens 2002) .
Therefore, both life history and mass of a species should reflect the levels of food abundance in the environment, or whether a particular species is adapted to more seasonally fluctuating resources. here we make the novel prediction that there will be a clear link between mass during breeding and life history. We propose that those species that are adapted to less seasonal foraging niches, with reduced seasonal peaks in food availability, will experience increased competition and subsequently have increased foraging unpredictability during breeding (Thiollay 1988 ) and so will show an increased interrupted foraging response (Macleod et al. 2008 ) and have higher adult survival (Peach et al. 2001) . Those species that occupy a more seasonal niche, where resources vary both within and across the years in response to fluctuations in environmental conditions, such as the annual seed crop which goes from almost negligible at the start of the rains to superabundant when the seeds ripen and fall (crowley and garnett 1999; Molokwu et al. 2008) , will invest more in breeding when food availability increases and as a consequence are less likely to survive as adults (ghalambor and Martin 2001; Peach et al. 2001; Mcnamara et al. 2008) . establishing a link between a key demographic life history parameter such as survival and strategic mass regulation has wide implications in ecology, because mass regulation is easy to measure, so providing researchers with a potential opportunity to efficiently establish life history strategies for species.
In this paper we test whether mass gain in tropical birds during breeding is greatest for those birds that have the highest survival, to test the hypothesis that variation in fat reserves is part of life history adaptation to variation in food availability. We tested whether there was a positive Fig. 1 The theoretical relationship across species between seasonal variation in food availability and adult survival in small tropical birds correlation between levels of mass gained during seasonal breeding and adult survival in 40 species of tropical bird collected over a 10-year period in a West african savannah, controlling for annual mass variation and variation in the timing of peak mass, along with potentially confounding variables of clutch size, body size, migratory status and phylogeny. We included annual mass variation to control for annual variation in absolute food availability: all species should show a reduced survival in years with reduced rainfall (gibbs and grant 1987). We included variation in the timing of peak mass to control for annual predictability of food availability: species that have greater variation in the annual timing of their mass peak will be breeding more opportunistically and are likely to have a lower survival (Tokolyi et al. 2012) . We controlled for clutch size because, all other things being equal, a higher clutch size will indicate a species with higher absolute food availability, allowing a greater investment in each breeding attempt (e.g. saether 1988; Peach et al. 2001) . We controlled for migratory status because, all other things being equal, transient species might show lower mass because they buffer seasonal unpredictability in food supply through movement rather than body reserves as in sedentary species. We controlled for body mass because larger animals have different costs of acquiring and maintaining reserves (Witter and cuthill 1993). Finally we controlled for phylogeny to account for possible non-independence of variables due to common evolutionary descent (Bennett and Owens 2002) .
Materials and methods
We tested the relationship between mass variation and adult survival at three temporal scales in 40 species of tropical savannah birds caught using understory mist nets in guinea savannah woodland at amurum Forest reserve on the Jos Plateau (09°55′n, 08°53′e), and at yankari game reserve (09°45′n, 10°30′e) in central nigeria. These sites are situated in the middle of the guinea savannah forest zone with very strong seasonality due to a single rainy season. amurum Forest reserve consists of four main habitat types: degraded guinea savannah woodland, gallery forest, rocky outcrops (inselbergs) and farmland. Much of the land surrounding the reserve has been degraded by anthropogenic pressures. yankari game reserve comprises more sudan, rather than guinea savannah, and therefore has some changes in floral composition. however, the overall degree of seasonality and climate was similar to amurum Forest reserve.
Details of survival estimation are given in stevens et al. (2013), but in summary survival estimates of adults were calculated for 40 species (6,939 individuals, 2,099 recaptures) caught in amurum over a 9-year period, between January 2000 and December 2008 (Table 1) . analysis of survival was performed using the general methods of capture-mark-recapture modelling outlined by lebreton et al. (1992) and Burnham and anderson (2002) . The data were analysed and parameter estimates developed, using the program MarK (White and Burnham 1999). When possible we used cormack-Jolly-seber time-dependent models (i.e. Φ t p t , where Φ is the probability that an animal alive at time i is alive at time i + 1, p is the probability that an animal at risk of capture at time i is captured at i + 1, and t indicates time dependence). goodness of fit tests were performed on the general starting models (Φ t p t ) for all species. The median c-hat technique within MarK was used to derive the variance inflation factor (ĉ) and assess the extent of lack of fit (i.e. over-or underdispersion) of the model to the data. Model selection was performed using information theoretic methods.
estimates of mass variation are given in cox et al. (2011); in summary 40 species (11,654 individuals) were caught in guinea savannah in amurum and yankari, between november 2000 and March 2011 (Table 1) . note: due to the survival and mass estimates used in the analysis from papers published at different times, there is a small mismatch between dates. We built a general linear model for each species testing the effect of the parameters: season (S), year (Y) and the variation in the annual timing of mass change (SY, the interaction between season and year) on the mass of a bird while controlling for seasonal rainfall, age, wing length and sex where sexes were distinguishable. We calculated the degree of seasonal mass change for each species from the seasonal parameter estimates of mean mass across years (where SY was not significant) as the proportional difference in predicted mass between the lightest and heaviest seasons. Where SY was significant we calculated the seasonal mass change as above but for each year separately (where there was a sufficiently large sample size) before averaging the proportional difference across years. We calculated the degree of annual mass change as the proportional difference in mass change between the years in which the birds were lightest and heaviest. For species not covered in cox et al. (2011) but for which we had survival estimates, we followed the same methods to calculate their mass change parameters. Time of day was not found to influence seasonal or annual parameter estimates, probably because data were most commonly collected between 0700 and 0900 hours [see cox et al. (2011) for a full description].
statistical analysis
We ran a general linear mixed model testing for relationships between adult survival and all the predictor and potentially confounding variables. Mass variation within years (S) was the key predictor variable (covariate) that tested our hypothesis. We included mass variation across years (Y) as a covariate to control for annual variation in absolute food availability. We included variation in the timing of peak mass between years (SY) to control for annual predictability of food availability. Individual parameter estimates for the variation in the annual timing of mass change had large confidence limits because of small sample sizes (resulting from the split between each of four seasons over 10 years) so we treated variable peak mass simply as a factor (1, significant annual variation in seasonal mass peak; 0, not significant). We also controlled for clutch size, migratory status and body size. Mean clutch size estimates were taken from The Birds of Africa, vols 3-7 (Fry et al. 1992 -2004 . Where multiple estimates of clutch size were given we used those that were geographically closest to our study area. Migratory status was assigned to any species that had >50 % reduction in capture rates between the end of the wet season and the end of the dry season (see cox et al. 2011) . Mean body mass data for a species were used from this study (Table 1) .
To account for possible non-independence of variables across species, we controlled for phylogenetic variation by including nesting of family within order as random factors (Pinheiro et al. 2011 ). The final model structure was: survival ~S + Y + SY + clutch size + body size + migratory status + (~1 | family % in % order), weight = "n".
Results
There was a significant positive correlation between adult survival and seasonal mass variation across species controlling for the degree of annual mass variation, body size and phylogeny. There was an increase in survival of 0.91 ± 0.29 % for every 1 % increase in seasonal mass variation (Table 2 ; Fig. 2 ; and an increase of 0.78 ± 0.30 % in the unweighted model). There was no correlation between adult survival and annual mass variation (Table 2 ). species which showed significant variation in the timing of the seasonal mass peaks among years had significantly lower adult survival (SY; 0 = 0.60, 1 = 0.44, using parameter values from Table 2 and average values for each variable from each SY class from the study). however, this result was dependent on weighting the model by sample size (without weighting). We also reconfirmed the negative relationship between clutch size and adult survival (survival decreased by 7 % for every one-egg increase in clutch size; Table 2 ). Migratory status did not significantly affect adult survival.
Discussion
We show that across tropical bird species, in the same habitat, the degree of seasonal mass variation correlates positively with adult survival. Those species that showed an increased mass response during breeding also had higher adult survival (Fig. 2) , while species that varied their mass at different times in different years may also have had lower adult survival. These results are consistent with life history theory, where increased seasonal variation in food availability drives both adaptive management of energy reserves and also adult survival. a key assumption in our study is the seasonal pattern of food availability. here we assume that if a species has a clear breeding season [and this is true for at least 55 % of the species considered here (cox et al. 2013) ] then this reflects an increase in food availability. This is a reasonable assumption as almost all birds breed when resources peak, but with a great deal of variation between species in the size of this peak, which is perhaps indicative of variable underlying levels of resource peaks (Perrins 1970) . Previous research at the study site (e.g. Brandt 2007; Molokwu et al. 2008 Molokwu et al. , 2010 does strongly suggest that patterns of food availability probably follow those found in other tropical savannah regions (e.g. Dingle and Khamala 1972; Poulin et al. 1992) , with peaks associated with the onset or finish of the rainy season when most species breed (gill and haggerty 2012). But a clear prediction from our study remains untested: to prove that food limitation drives the results of our study, species with greater mass increases during breeding should show less annual fluctuation in food availability.
We predicted that mass during breeding should be highest for those species with the highest survival because both are a consequence of density-dependent competition for food availability, and our results were consistent with this. In a highly seasonal savannah environment, as in this study, there is not a period of high density-dependent mortality that acts across all species, such as winter in the northern hemisphere. This has allowed the evolution of a wide range of life history strategies under the same environmental conditions [e.g. see the variation in survival rates in stevens et al. (2013)]. Those species that inhabit a less seasonal foraging niche will experience increased density-dependent mortality in the breeding season and therefore populations will be governed more by competition during breeding with fewer resources available per individual (ricklefs 1980; Martin 1987) . Therefore parents will experience reduced foraging predictability because of breeding activities and so could gain a selective advantage by storing more reserves to insure against this increased starvation risk. such environments also favour those individuals that invest less in each breeding attempt (i.e. smaller broods) but over a longer period (i.e. extended parental care) and over many Table 2 , with values of seasonal mass variation with year set to zero and a clutch size of three years with a concomitant increase in adult survival (allcorn et al. 2012; gill and haggerty 2012) . In contrast, those species that rely on a more seasonal food source, such as specialized seed-eating finches (crowley and garnett 1999; Brandt 2007), probably experience a period of reduced density-dependent mortality during the breeding season when food availability may far exceed carrying capacity. This will then affect life history through its effects on provisioning rates, nest predation and chick growth rates (Markman et al. 2002) . as a consequence larger clutch sizes can evolve (e.g. ricklefs 1980), which has negative implications for adult survival. Thus adaptation to seasonal food availability, mediated by density-dependent competition, drives both strategic mass regulation in birds while breeding and overall adult survival. We expected that in years of higher food availability [i.e. because of variable rainfall which is characteristic across years in West african savannahs (sylla et al. 2010) ] birds were likely to show a reduced level of mass increase because foraging will be generally less of a constraint during breeding (Macleod et al. 2008) . however, we did not find a relationship between adult survival and inter-annual mass variation. This is perhaps because any fluctuations in resource availability and so foraging predictability at this level are reflected in offspring fitness (ghalambor and Martin 2001; Markman et al. 2002) , or adults in poorer condition showing reduced reproductive effort during that year (grant et al. 2000; renton and salinas-Melgoza 2004) and not adult survival.
We expected species that had greater variation in the annual timing of their mass peak were likely to have a lower survival. We did find a suggestion that where peak mass occurred at different times in different years, mass variation was associated with lower adult survival (16 % lower). species where peak mass occurred at different times in different years were likely to be opportunistic breeders or those that rely on a food source which varies in predictability across the years (e.g. lavender waxbill Estrilda caerulescens and the bronze manikin Lonchura cucullata). Thus, species with more unpredictable peaks in food availability will be less likely to survive as adults and so need to produce more young when conditions allow, as predicted by life history theory (Boyce 1984) . Many finch species breed opportunistically (e.g. grant et al. 2000; cox et al., in review) , maintaining an active or semi-active reproductive system in the non-breeding season despite fitness costs (Perfito et al. 2007) , which further drives investment in an r-selected life history (Bennett and Owens 2002) .
Conclusion
We provide evidence to support the generality of the interrupted foraging hypothesis as a single explanation of how animals regulate their mass under variable environmental conditions, by showing how it links with life history. as population dynamics depend on individual survival, a bird's mass provides a framework to predict the behaviour, fitness, population dynamics and community structure of birds (Mcnamara and houston 1987) . several studies have investigated how fat regulation acts as an indication of survival and population change (Macleod et al. 2007 (Macleod et al. , 2008 cresswell et al. 2009 ). however, these studies have focused on the relationship between mass variation and survival in the nonbreeding season. These studies were conducted in the northern hemisphere where food is unlikely to be limiting for most species in the breeding season (e.g. houston and Mcnamara 1993; Witter and cuthill 1993) and more likely to be limited in the non-breeding season. In tropical environments the reverse may apply for many species that occupy a foraging niche with smaller seasonal peaks in food availability.
The positive relationship between adult survival and mass variation provides empirical evidence to support recent theoretical models which have concluded that food limitation, expressed as the seasonality of resources, as opposed to nest predation and/or the length of the breeding season, is the driving evolutionary force behind life history evolution (Mcnamara et al. 2008; griebeler et al. 2010 ). here we show that in a tropical environment there is probably a direct relationship between food limitation in the breeding season and adult survival, which has wide implications for life history strategy. This study does not prove that food limitation is driving the relationship, and this still needs to be done. however, if this is the case then the degree of mass gain during breeding provides both a potential index of life history adaptation (i.e. survival rates) across species, and a potential index of food availability within species-both of these variables being much harder to measure than mass gain. Burnham KP, anderson Dr (2002) 
